Essential hypertension (EH) is considered a typical polygenic disease, so the evaluation of gene-gene interactions rather than the determination of single gene effects is crucial to understanding any genetic influences. The G-protein b3-subunit (GNB3) 825T allele, associated with enhanced G-protein signalling, is a strong candidate for interactions with polymorphisms, such as insertion/deletion (I/D) polymorphism of angiotensin I-converting enzyme (ACE) gene. We investigated whether there is an association between GNB3 C825T and ACE I/D polymorphisms for the development of EH. We carried out a case-control study of 688 hypertensive and 924 normotensive subjects recruited from South Korea. The GNB3 C825T and ACE I/D genotypes were determined by polymerase chain reaction (PCR) and PCR-restriction fragment length polymorphism methods, respectively. The distributions of alleles and genotypes for the GNB3 C825T and ACE I/D polymorphisms were not found to be significantly associated with hypertensive status in either males or females. Logistic regression analysis indicated that the GNB3 825T allele carriers were positively associated with EH in males (odds ratio (OR) for TT/CT, 1.459; 95% confidence interval (CI), 1.048-2.033, P ¼ 0.0255). In analysis of gene-gene interaction, we found that there was a significant interaction between the GNB3 825T and ACE D alleles (Po0.05). OR for EH was significantly higher in 825T allele carriers with ACE D allele (OR, 1.490; 95% CI, 1.117-1.987, P ¼ 0.0067). A significant interaction between the GNB3 825T and the ACE D alleles may contribute to the predisposing effect for the development of EH in Koreans.
Introduction
Essential hypertension (EH) is a complex trait disorder determined by the combined action of genetic and environmental factors. 1 The risk factors underlying EH such as age, gender, weight, smoking, alcohol, physical activity, presence of diabetes mellitus and genetic factors have been classified, but there is no clear understanding of how many genes are involved in the development of EH or elevated blood pressure (BP) or of the interactions between such genes and environmental factors. 2 The renin-angiotensin-aldosterone system (RAAS) plays a central role in regulating BP at both the blood vessel and systemic levels, helping control sodium homeostasis, vascular remodelling and the maintenance of vascular resistance. 3 The RAAS also contributes to the pathogenesis of many cardiovascular diseases (CVD), including hypertension, hypertrophic cardiomyopathy, myocardial infarction (MI) and stroke. 4, 5 Thus, the RAAS is a key determinant of cardiovascular risk. Genes encoding the components of the RAAS pathway have been extensively studied as candidate genes associated with EH. 6 Polymorphisms of these genes also play key roles in the development of EH and secondary hypertension.
Angiotensin I-converting enzyme (ACE) is a critical component of the RAAS and regulates BP by mediating the conversion of angiotensin I (AT-I) to angiotensin II (AT-II). 7 This enzyme stimulates vasoconstriction of systemic and coronary arteries, vascular smooth muscle cell growth and aldosterone secretion. Therefore, ACE affects both cardiovascular structure and function. 8 Numerous studies have explored the association between polymorphisms in the ACE gene and EH, but the results are conflicting. 9, 10 In particular, the results of association studies differ between populations. [11] [12] [13] One of the most extensively studied RAAS factors is the insertion/deletion (I/D) polymorphism of the ACE gene. Individuals with the DD homozygous genotype have the highest ACE levels, those with the II genotype have the lowest and I/D heterozygous subjects reveal an intermediate level of ACE in several human populations.
14 In addition, plasma ACE level is significantly higher in subjects with the D allele than in subjects with the I allele. 7 Although ACE genotypes show clear association to plasma ACE levels, the association between the ACE I/D polymorphism and hypertension remains contradictory from worldwide population-based studies. Individuals with the I/D polymorphism showed an association with EH in different areas in Japan, 15 but another reports on ACE I/D polymorphism did not appear to have any significant association with variations in BP in Chinese and other Japanese groups. 16, 17 Several studies have demonstrated significant age-related associations between ACE I/D polymorphisms and hypertension in gender-specific analyses among different populations, among whom there is association and genetic linkage of the ACE I/D polymorphism with hypertension for males but not for females. 9, 18 The DD genotypes were less common in elderly hypertensive Caucasians than in age-matched normotensive subjects. 19 Heterotrimeric guanine nucleotide-binding proteins (G proteins) are expressed in all human cells. They are large molecules, consisting of a-, b-and g-subunits, of which there are 16, 5 and 12 known isoforms, respectively. 20 G proteins play major roles in intracellular signal transduction and act on important regulatory components for cellular responses to receptor activation. Variations within genes encoding for G proteins and mutations altering the expression of these proteins may cause or contribute to many different diseases including CVD. 21 Siffert et al. 21 identified a single-nucleotide polymorphism, C825T, at nucleotide position 825 in exon 10 of the gene encoding the G protein b3-subunit (GNB3). The 825T allele is associated with a splice variant (Gb3s), in which the nucleotides 498-620 of exon 9 are deleted, causing loss of 41 amino acids and one conserved Trp-Asp (WD) repeat domain of the Gb3-subunit. This Gb3s variant is predominantly expressed in most cells from individuals carrying the T allele, and it seems to result in enhanced G-protein-mediated signal transduction. Additionally, GNB3 affects the activity of sodium hydrogen exchanger (NHE), which regulated an electroneutral exchange of extracellular Na þ for intracellular H þ , contributing to pH and sodium homeostasis. 22 In 1998, Siffert et al. 21 reported that the hypertensive patients showed increased NHE activity and the activity of G-protein complex sensitive to pertussis toxin (G i ) in these patients was increased. G i protein formed of mutated subunit variants (b3s, b i 2 and b5) shows the increased NHE activity. The increased NHE activity in vascular smooth muscle cells can cause the increase of vascular tone and hypertrophy of vascular tunica media. 23 Thus, it was postulated that expression of Gb3s variant might contribute to the pathogenesis of EH. The recent reports indicate that the presence of GNB3 825T carriers associated with the increased activity of NHE in hypertensive subjects. 21, 23 To date, association studies have shown that the GNB3 825T allele is significantly associated with EH in Africans 24 and Caucasians, 25 and it is also associated with variations in BP. However, the effects of the 825T allele on variations in EH and BP among Asian populations have presented conflicting results. 26, 27 These inconsistent findings might be interpreted by genetic and environmental heterogeneity among different ethnic backgrounds.
In the present study, we examined whether the extent of EH was associated with GNB3 C825T and ACE I/D polymorphisms in the Korean population. In addition, we also investigated the effect of interaction between GNB3 and ACE gene polymorphisms on EH.
Methods

Study population
We surveyed 1612 unrelated Korean subjects, aged 40-70 years (688 hypertensive patients and 924 normotensive controls), recruited from the Cardiovascular Genome Center of Yonsei University, Seoul, Republic of Korea and the National Genome Research Institute of Korea National Institute of Health. The study was approved by the Ethics Committee of Yonsei University, and informed consent was obtained from all participants. Baseline data included a medical and family health history, and we used an established questionnaire on concurrent medication, occupation, academic background, reproductive history, dietary habits, current use of smoking, alcohol intake, coffee consumption, physical activity habits and age of menopause in females subjects. The hypertensives and the controls were ethnically Koreans who were living in South Korea. All of these subjects were confirmed their birthplace as well as the origin of their parents.
Height and body weight were measured, and the body mass index (BMI) was calculated. Resting BP was measured using a conventional mercury column sphygmomanometer on the right arm of the seated participant after a 10-min rest. Two measurements were taken, 3 min apart, and mean values were used in the analysis. Hypertension was defined as a mean systolic blood pressure (SBP) of X140 mm Hg or a diastolic blood pressure (DBP) X90 mm Hg, or if the subject was taking any antihypertensive medication. Exclusion criteria included evidence of secondary causes of hypertension, renal failure, diabetes mellitus, significant hepatic disease, corticosteroid therapy or if women were using a contraceptive pill. Normotensive controls were defined as those with an SBP value o140 mm Hg and a DBP o90 mm Hg without history of hypertension, antihypertensive treatment, hormone replacement therapy, renal insufficiency, significant hepatic disease, diabetes, heart failure or apparent coronary artery disease. Blood samples were collected from all subjects for the isolation of genomic DNA and for blood chemistry analysis. Biochemical analyses included measures of total serum cholesterol (TCHO), high-density-lipoprotein cholesterol (HDL-C), serum low-density-lipoprotein cholesterol (LDL-C), triglycerides (TG) and fasting plasma glucose (FPG) levels. The haematocrit was measured, and blood cells, separated from plasma by centrifugation, were frozen at À801C until the time of analysis.
Determination of genotypes
Genomic DNA was isolated from peripheral blood cells by QIAamp blood kit (Qiagen, Valencia, CA, USA), according to the manufacturer's procedure. Detection of the ACE I/D polymorphism was carried out by polymerase chain reaction (PCR) amplification of the region of intron 16 of the gene for ACE consisting of the presence or absence of Alu repeat sequences. Individual DNA sequences were amplified by primers flanking the polymorphic region. PCR profiling and genotyping of I/D polymorphisms were carried out as described by Rigat et al. 28 To avoid mistyping of I/D heterozygotes as DD homozygotes, because of the preferential amplification of the D allele in heterozygous samples, all DD homozygous samples were subjected to an independent PCR amplification with a primer pair that identifies an insertion-specific sequence as reported previously. 29 Genotypes for the C825T polymorphism of the GNB3 gene were determined by PCR amplification followed by restriction digestion using BsaJI endonuclease (New England Biolabs, Beverly, MA, USA) as previously described, with minor modification. 21 Statistical analyses All data were presented as mean7s.d. Statistical analyses were carried out with the use of the SAS statistical software package version 9.1 (SAS Institute, Cary, NC, USA 
Results
From the 1612 randomly enrolled subjects, 688 hypertensive cases were chosen according to the criteria described above. The clinical and biochemical characteristics of all subjects are given in Table 1 . Although a total of 75 hypertensive subjects did not have the records of initial BP, the means of SBP and DBP in the hypertensive group were significantly higher than those in the normotensive group (Po0.0001). The age, SBP, DBP, BMI, TG, HDL-C and FPG values of the hypertensive subjects were significantly different from those of normotensives (Po0.0001). Table 2 shows the distributions of the GNB3 C825T and ACE I/D alleles and genotypes in our study population. No significant deviation from HWE was observed for the GNB3 C825T and ACE I/D genotypes in the present study groups. The genotype distribution of GNB3 C825T polymorphism showed the marginal effect to be associated with EH (P ¼ 0.0909). To assess the gender-specific association with EH, we compared allele and genotype frequencies separately for males and females. There were no differences between both sexes in either the hypertensive group or the normotensive group with regard to the frequencies of alleles and genotypes (data not shown).
We analysed a gene-gene interaction between the GNB3 and the ACE genotypes with respect to EH ( Table 2) . A stratified analysis was carried out with respect to ACE genotypes to investigate the specific effects of the GNB3 C825T genotype. The GNB3 genotype distribution and 825T allele frequency was not significantly different between normotensives and hypertensives within the ACE II and DD genotype, as a significant effect was investigated within the ACE ID genotype (P ¼ 0.0047).
Logistic regression analysis indicated that the GNB3 C825T polymorphism was positively associated with EH in males (Table 3) . After adjustments for age and sex were made, the ORs of the 825T carriers (TT/ CT) for a risk of EH over the 825CC genotype were, respectively, 1.459 (95% CI, 1.048-2.033, P ¼ 0.0255) for males, and 1.249 (95% CI, 0.995-1.567, P ¼ 0.0554) for all subjects. In contrast, we did not find any significant ORs for EH related to any ACE genotype groups (P40.05).
Calculation of ORs for EH produced statistically significant ORs for GNB3 825T allele carriers within the ACE ID genotype (OR for TT/CT vs CC, 1.511; 95% CI, 1.084-2.107, P ¼ 0.0149), and within ACE D allele (OR, 1.490; 95% CI, 1.117-1.987, P ¼ 0.0067). No significant ORs were observed 825T genotype within the ACE genotypes and alleles (P40.05) ( Table 4) . Abbreviations: ACE, angiotensin I-converting enzyme; EH, hypertensive subjects; n, number of subjects; NT, normotensive subjects.
Values are expressed as the number of subjects and in parentheses indicated percentages.
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Discussion
Case-control studies are the most extensively applied form of genetic association research used for testing or characterizing genomic loci or candidate genes that might contribute to diseases. The merits of this approach are that cases are readily collected and can be efficiently genotyped and compared with controls. 30 However, despite their advantages, case-control studies can identify genetic polymorphisms that prove to be false-positive associations. Systematic differences in the ancestry of case-control subjects are one cause of such results. 30 Therefore, precise selection of the control group is essential.
Here, we examined the association between polymorphisms of the GNB3 and ACE genes and EH in Korean subjects. The GNB3 C825T polymorphism has been investigated in relation to hypertension status with conflicting results. No reliable association between the 825T allele and hypertension was found in our study population. This is consistent with the earlier finding in Korean adolescents. 31 This similar results have been reported for Japanese, 26 northern Han Chinese, 27, 32 Taiwan Hans 33 and African Americans. 34 On the contrary, a number of studies of Caucasians have confirmed an association between the 825T allele and EH. 25 In addition, a statistical significant interaction between the 825T allele and obesity was investigated for SBP in the Brazilian population. 35 Interestingly, in contrast to the above findings, the C rather than the T allele was associated with increasing SBP without gender effect in Canadian Oji-Cree. 36 Many reports have described the 825T allele as a risk factor for hypertension in various populations; however, we found a relative small OR for EH associated with the GNB3 825T allele (Table 3) . One possible explanation for this discrepancy is that the 825T allele at least is likely to constitute a major positive predisposition for hypertension in our population. Another possibility is that the contribution of GNB3 gene to the pathogenesis of EH may be less significant than initially implied in the previous population studies, partly because of ethnicity-specific combination of genetic backgrounds and environmental factors. The frequency of the 825T allele in the present subjects was remarkably higher (50.1%) than that reported in Amerindians (26.5%) and western Europeans (29.6%), 32 but was similar to that described in Taiwan Han Chinese (54.3%), 29 northern Chinese (52%), 25 Canadian Oji-Cree (50.1%) 37 and Japanese populations (49%). 33 On the other hand, the frequency of the 825T allele in our population was much lower than that in Africans (79%), whereas it was slightly higher than the southern Chinese population (43.2%) reported by Siffert et al.
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As for the ACE I/D polymorphism, the D allele of the ACE gene is reportedly associated with the development of EH. 15 Many studies have examined possible associations between the ACE I/D poly- 38 concluded that the D allele is not correlated with elevated BP level by a meta-analysis of the ACE I/D polymorphism. However, subsequent studies showed a gender-specific effect of ACE I/D polymorphism. Recent reports revealed that the presence of the D allele significantly increases the risk of hypertension in male subjects of Europeans 9 and Japanese population. 18 By contrast, Zaman et al.
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and Matsubara et al. 15 reported that there were no associations between the ACE I/D polymorphism and hypertension in males or females. Our present findings also showed no significant gender-specific associations.
For the distribution of the ACE I/D polymorphism, the D allele frequency of the Koreans in the present study (39.6%) was much lower than that of African Americans (63%) 11 and Caucasians (64%), 39 but was higher than that of Australian Aborigines (12.6%) 40 and Amerindians (26.5%), 41 and similar to those described for Chinese Han (38%) 42 and mainland Japanese populations (40%). 17 Several reports have shown that ACE I/D polymorphism accounts for half of the variance of plasma ACE levels in the RAAS pathway.
7 ACE mediates the conversion of AT-I to AT-II, and the ACE D allele is a factor for high levels of circulating ACE.
14 Therefore, because AT-II receptors are typical G-protein-coupled receptors, it is very likely that D allele associated with elevated ACE concentrations may prove to be pathophysiological in individuals whose genetic structure is composed of an allelic variant that causes increased cellular responsiveness. 42 Thus, the GNB3 825T allele is an important marker to study for interactions with the ACE D allele.
The hypothesis underlying previous studies was that such interactions between genes could contribute to the pathogenesis of functional or structural variations in the cardiovascular system. 38, 43 This is because complex trait diseases such as EH are not regulated by single-gene effects but are often associated with multiple genetic and environmental factors. In the present study, we examined a significant interaction between the GNB3 and ACE genes. Naber et al. 43 reported that a GNB3 C825T polymorphism interacts with the ACE I/D polymorphism in association with MI. They found a significantly increased OR for MI associated with the GNB3 825T genotype in individuals within the ACE DD genotypes. Whereas another recent study for the Kazakh populations could not find any increased OR for EH associated with the GNB3 825T allele in individuals with ACE genotypes. 44 In the present study, we found a significant interaction between the GNB3 825T allele and the ACE D allele, and also observed a particularly significant interaction between the ACE D allele and the GNB3 CT genotype. The decreased OR associated with the 825T allele appeared in connection with the ACE II genotype (Table 4) . These results support the hypothesis that two functional polymorphisms, each making a minor contribution to a common trait, are capable of significant interaction in combined analyses. This interaction between two genes may result from a synergistic effect of genetic factors predisposing to EH. The reason for this finding in Koreans is unclear, but it may lie in subtle environment and genetic factors that differ between Koreans and other human populations.
In the recent study, Kedzierska et al. 23 indicated that the presence of the GNB3 825T allele and increased activity of erythrocyte NHE independent of ACE genotype increase the risk for the development of hypertension. In particular, they suggest that the coexistence of genetic variants can lead to the disclosure of intermediate phenotype such as increased NHE activity. In our study, we found that there was a significant interaction between GNB3 825T and ACE D alleles and EH in Koreans. Currently, it is not clear if this interaction is associated with the increased NHE activity as the NHE activity in our patients are not available. Further study is required to verify the hypothesis if the interaction between GNB3 and ACE genetic polymorphisms could lead to association of NHE activity and EH.
In conclusion, our study provides another view regarding the association between GNB3 C825T and ACE I/D polymorphisms in comparison with those of previous investigations. In the single-locus analyses, we found that polymorphisms of GNB3 and ACE genes were not associated with EH in this population. In contrast, we found a significant interaction between the GNB3 825T and ACE D alleles with respect to EH. Thus, these data suggest that the interaction between allelic variants of GNB3 and ACE genes may contribute to susceptibility of EH in Koreans. Based on the previous two independent association studies, 31, 32 further studies are required to evaluate multilocus haplotypes within the same gene and multiple gene and gene-environment interactions for developing EH. The outcomes will be useful in helping to predict individual risks for such multifactorial diseases.
What is known about this topic: K Essential hypertension is a common polygenic disease. 1 The evaluation of gene-gene interactions rather than the determination of single-gene effects is crucial to understanding any genetic influences. 38, 43 K The associations between GNB3 C825T and ACE I/D polymorphisms and hypertension have been carried out, but found conflicting results in ethnic backgrounds. 23, 44 What this study adds K The interaction between the GNB3 825T and ACE D alleles was found to be significantly associated with hypertension in this study. K This finding suggests that the allelic combination of two genes may contribute to the predisposing effect for the development of hypertension in Koreans.
